Introduction
Porcine skeletal muscle consists of muscle fibers; the predominant characteristic of a given muscle is determined by its relative composition of different muscle fiber types (Highley et al., 1999; Morita et al., 2000) .
Fibers are divided into the following three groups based on the proportions of fiber types: white glycolytic fibers (type IIb); red oxidative fibers (type I); and intermediate fibers (type IIa) . The different muscle fibers have different contractile and metabolic properties (Berchtold et al., 2000) . In general, a higher percentage of white fibers correlates with the condition of pale, soft and exudative (PSE) pork (Fiedler et al., 1999) and stress susceptibility (Fiedler, 1993) . Thus, knowledge of muscle fiber composition is an important element of muscle characteristics and subsequent meat quality.
The genomic variation of the porcine PPARGC1A 5' upstream region was identified and new DNA polymorphisms in the region are described. Among the polymorphisms, c.-2894G>A is considered to be a suitable molecular marker for the improvement of meat quality and good lean meat production based on the findings in a previous study. The aim of this study was to confirm the effects of the site of the polymorphism on phenotypic traits and to clarify the regulatory role of the PPARGC1A 5' region. One hundred fifty-seven Berkshire pigs were used for association analysis. Fifty-eight pigs with specific genotypes were used to isolate mRNA from the longissimus dorsi muscle tissues, which were immediately collected from the carcasses 45 minutes after slaughter. The level of PPARGC1A mRNA expression in each single nucleotide polymorphism (SNP), including the c.-2894G>A, c.-2885G>T, and c.-1402A>T sites, was compared between genotypes using real-time quantitative PCR. Finally, to assess whether or not the c.-2894G>A polymorphism affects porcine PPARGC1A gene transcription, the luciferase assay was performed using a constructed 5' regulatory region within the pGL3 basic vector.
PPARGC1A mRNA is found in tissues that have high energy demands and are rich in mitochondria, such as heart, skeletal muscle, brown adipose tissue, kidney, liver, and to a lesser extent, white adipose tissue, pancreas, and brain (Esterbauer et al., 1999; Larrouy et al., 1999; Wu et al., 1999) . Expression of PPARGC1A mRNA is elevated upon cold exposure in brown fat (Puigserver et al., 1998) and is readily inducible by exercise training in skeletal muscle (Baar et al., 2002) . The subsequent activation of calcium signaling pathways appears to play a major role in the stimulation of PPARGC1A transcription through calcineurin and calcium-dependent protein kinases (Wu et al., 2002) , which culminate in the activation of several transcription factors, such as cAMP-responsive element binding (CREB) and MEF2, in a feed-forward loop (Handschin et al., 2003) . Moreover, the ectopic expression of PPARGC1A in myotubes stimulates GLUT4 expression and mitochondrial oxidative metabolism (Michael et al., 2001) . These types of transcription factors can increase PGC-1a promoter activation, and subsequently lead to similar increases at the level of mRNA (Irrcher et al., 2008; Scarpulla, 2010) .
Porcine PPARGC1A was mapped to porcine chromosome 8 (SSC8p21; Pinton et al., 2000) . In a recent study, the porcine PPARGC1A gene structure was characterized from cDNA coding sequences (Jacobs et al., 2006) . Among reported polymorphisms in the coding region, a single nucleotide polymorphism (SNP) of Cys430Ser site in exon 8 was studied for the associations with muscle fiber characteristics and meat quality (Kim et al., 2010) . The polymorphism had marked effects on the number and area composition of fiber type I and the muscle pH value. To confirm the regulatory effects of the PPARGC1A gene on muscle fiber characteristics in pigs, a prior study described in chapter 3 was performed to identify DNA polymorphisms in the 5' regulatory region using association analysis. The results showed that the polymorphisms have significant effects on muscle fiber characteristics, including fiber type composition and size, which can affect lean meat production and meat quality traits.
Based on a previous study, identifying the transcription factor binding site and an analysis of gene expression levels on newly found polymorphisms in the PPARGC1A 5' regulatory region were needed to clarify functions of the polymorphic DNA structure. The aim of the current study was to clarify the effects of the functions of the newly found SNPs in the 5' regulatory region on the levels of gene expression. Thus, the level of mRNA expression by the SNPs was analyzed and variant allele constructs of 5' regulatory regions were used for analysis of luciferase activities. Regulation role in gene expression of the c.-2894G>A locus on the 5' promotor region in the porcine PPARGC1A gene
Materials and methods

Animals, genotyping, and measuring traits
One hundred fifty-seven pigs of the Berkshire breed were utilized in this study. The pigs were fed the same commercial diet in different pens of the same farm. The pigs were sacrificed during five periods in a commercial abattoir following standard procedures under the supervision of the Korean grading service for animal products. Skeletal muscle tissues from the longssimus dorsi (LD) muscle were collected within 45 minutes after slaughtering. The extraction of genomic DNA from the muscle tissues was accomplished using a DNA isolation kit (G-Dex TM IIb, Intronbio). Genotyping was performed on genomic DNA using PCR-RLFP methods determined by previous studies of this thesis. Moreover, every phenotypic trait was measured using the same methods of the previous study.
Tissues, RNA isolation, and cDNA synthesis RNAs of the animals were isolated from the LD muscle tissues, which were immediately collected from the carcasses 45 minutes after slaughter and used for gene expression analyses. Muscle specimens for gene expression analysis were collected and snap frozen in liquid nitrogen. Total RNA was isolated from ~80 mg of skeletal muscle tissue using TRIzol reagent (Invitrogen), according to the manufacturer's protocol. The integrity of total RNA was checked by running a 0.7% agarose gel and the concentration was determined using a spectrophotometer (Eppendorf Co.) . Approximately 2 ㎍ of total RNA was mixed with 2 ㎕ of oligo (dT) (Livak and Schmittgen, 2001 ) using the GAPDH gene for normalization.++ Jun-Mo Kim
Plasmids
Based on genotyping results, genomic DNA isolated from selected animals at the c.-2894G>A site with homozygous GG and AA genotypes was used as a template for constructing plasmids (pGL3-G and pGL3-A, respectively). A DNA fragment that covered one polymorphic site (c.-2894G>A) ranging from -3238 to -14 (relative to initiation codon ATG) of the 5' regulatory region of the porcine PPARGC1A gene was used. The specific primer set was used for constructing vectors pGL3-G and -A was contained in the SacI (forward primer) and KpnI (reverse primer) restriction sites ( Table 2) 
Statistical analysis
The association analyses between single SNPs and measured traits were performed with a statistical model and a large percentage ( ≥ 80%) of type IIb fibers, the total number of fibers was calculated using logarithmic transformation, while the muscle fiber compositions were estimated using angular transformation.
The GLM procedure was used for analysis of real-time PCR levels among genotypes. The model was the same as the model for association analysis without carcass body weight as a covariate. Differences were considered significant at a P < 0.05. The data are expressed as the mean ± standard error. Significant differences between the two constructed alleles for the luciferase assay were detected by t-test. 
Results
Genotypic frequencies and effects on phenotypic traits
To clarify the effects of each polymorphism in the PPARGC1A 5' regulatory region on the level of gene expression, 58 animals with dependent genotypes from each polymorphic site were selected from the 157 pigs of the Berkshire population (Table 3) To confirm the effects of the studied SNPs on phenotypic traits in the studied population that was the Berkshire breed, association analysis was performed between genotypes for each SNP and measured traits, including muscle fiber characteristics, lean meat production, and meat quality (Table 4) . The SNP at the c.-2894G>A site had significant effects on most of muscle fiber characteristics, excluding fiber\ area composition.
The results showed that there were significant differences among genotypes in total muscle fiber number (P < 0.05), mean cross-sectional area (CSA) of fibers (P < 0.01), fiber number per unit area (P < 0.05), and fiber types I (P < 0.10) and IIb (P < 0.05) number composition. The genotypes were shown to have effects on variation in lean meat production ability with backfat thickness and meat quality with pH value (P < 0.05) and marbling score (P < 0.05).
Based on the results of association analysis of the c.-2885G>T and c.-1402A>T sites, most of the muscle fiber characteristics and lean meat production were not significantly different between genotypes, excluding the fiber types IIa (P < 0.05) and IIb (P < 0.05) composition of the c.-1402A>T site; however, both showed significant Regulation role in gene expression of the c.-2894G>A locus on the 5' promotor region in the porcine PPARGC1A gene differences among genotypes in marbling score (P < 0.05 and P < 0.01, respectively).
Comparison of PPARGC1A mRNA expression among the genotypes the GG genotype was relatively lower than the AA and AG genotypes (P < 0.05, = 0.0299).
Comparison of the promoter regions of PPARGC1A harboring different genotypes in driving transcription
To assess whether or not the c.-2894G>A site affects porcine PPARGC1A gene transcription, the 3224 bp fragment spanning the 5' regulatory region from -3238 to -14 (relative to initiation codon ATG) was cloned and linked to a pGL3 luciferase reporter construct. Two constructs differing only at site c.-2894G>A were obtained, two of which harbored the identified genotypes (pGL3-G and pGL3-A). The promoter activity of these constructs was assessed by transient transfection of the individual reporter constructs into C2C12 cells. As shown in Figure 3 , the activity of pGL3-G in driving reporter gene transcription was significant (1.87-fold greater than pGL3-G). Jun-Mo Kim
Discussions
In the previous chapter, the genomic sequence and structure of the porcine PPARGC1A 5' upstream region was identified and DNA polymorphisms in the region were newly found (see Chapter III) . Although which tissues express PPARGC1A has been identified and what are the effects of sequence polymorphisms (Jacobs et al., 2006; Kunej et al., 2005) , the relative expression of mRNA when comparing genotypes in each polymorphism in skeletal muscle tissue is unknown in the pig. Because this knowledge is essential in researching differences in PPARGC1A regulation in view of selection for improved muscle fiber formation and meat quality by using specific DNA markers, the expression of mRNA was compared among genotypes on the newly found three SNPs in the porcine PPARGC1A 5' upstream region. Moreover, the luciferase assay was performed to clarify the transcription activity according to the SNP at the c.-2894G>A site which had a significantly different level of mRNA expression among genotypes. The current results not only clearly indicate that the expression of PPARGC1A mRNA was significantly differ at the c.-2894G>A site (P < 0.05; Figure   2 ), but also that the transcription activity was significantly higher with the G allele than the A allele (P < 0.05; Figure 3) . Moreover, the SNP had significant effects on phenotypic traits, including muscle fiber characteristics, lean meat production, and meat quality with had better lean meat and quality in the GG genotype than the other types (Table 4 , Chapter III).
The aim of this study was to clarify the regulation roles of the PPARGC1A 5' region. Previous studies reported that PPARGC1A is induced by mitochondrial biogenesis-inducing stimuli, as well as contractile activity in vivo and in vitro in skeletal muscle (Baar et al., 2002; Pilegaard et al., 2003) . Moreover, low levels of expression of PPARGC1A in muscle have been associated with defects in energy metabolism, in addition to reduced mitochondrial content and function (Leone et al., 2005; Mootha et al., 2003) . The importance of PPARGC1A in regulating mitochondrial content and function suggests that further investigation into the regulation of PPARGC1A gene expression is warranted, particularly under conditions in which mitochondrial biogenesis, such as oxidative energy metabolism and muscle fiber specification, is induced. Hence, the regulation of PPARGC1A expression is closely related to muscle fiber formation and meat condition. Based on the current results, the roles of the porcine PPARGC1A 5' regulatory region in gene expression has been clarified.
Moreover, the polymorphisms in the 5' regulatory region can regulate gene expression.
The porcine PPARGC1A 5' regulatory region did not contain transcription factors for binding of typical consensus sequences, such as the TATA and CAAT boxes. However, the TATA-less sequence housed putative consensus sites, including a GC-box, a CRE, binding sites for GATA, MEF2, GLUT4, and many E-Box binding proteins (Irrcher et al., 2008) . The important transcription factors, such as MEF2 and CREB in skeletal muscle, are co-activated by PPARGC1A expression (Handschin et al., 2003) . The c.-2894G>A polymorphic site is selectively recognized by the transcription factor, CREB protein, according to different alleles. Thus, it can be considered a meaningful transcription factor binding site and a strong evidence for gene expression regulation factor. However, further progressive analysis is needed to confirm the interaction between PPARGC1A and transcription factor, such as CREB, and the critical role of SNP in the regulation of interactions with specific transcription factors.
